Abstract-In an underwater environment signal propagation for the acoustic channel is subject to major multipath effect. Therefore, most underwater communication schemes require that the position of the transmitter or receiver is fixed while using directional antennas in order to ensure high signal-tonoise ratio. However, such a requirement hinders node discovery and ad-hoc formation of underwater networks and restraints communication between autonomous underwater vehicles (AUVs) where node locations change over time. This paper proposes a novel approach to underwater communications by relying on the water surface to establish communication links. The proposed surface-based reflection (SBR) model works by requiring the transmitting node to direct its energy towards the water surface. The receiver then applies homomorphic deconvolution techniques to determine the channels impulse response used in obtaining the reflected signal. The receiver is then able to determine the location of the transmitter by triangulating the transmitted and reflected signals with respect to the water surface. Simulation experiments are provided to validate the SBR approach.
layer is mainly affected by the seasonal temperature changes and the thermocline layer is mainly due to the pressure effect which causes the water temperature to rapidly drop. In a shallow water environment acoustic waves tend to take multiple paths before arriving at the receiver with combinations of reflections from the surface and the bottom. To mitigate the effect of the multipath signal propagation, directional transmission schemes have been adapted for underwater communications [1] [4] [5] [6] . These schemes require that the transmitter direct the acoustic antenna towards the known direction of the receiver.
Figure 1:
Pacific environment sound speed profile [7] . There are two main layers namely the surface layer and the main thermocline.
Therefore, node mobility poses a challenge for directional communication among nodes. In fact, even the location of non-mobile node tends to change over time due drift and water current. Generally, in an environment where the location of the source and the destination might be unknown it is not possible for the receiver to discover the location of the transmitter due to the multipath effect of the channel. Such type of communication will require that the transmitter spread the signal using an omnidirectional scheme to properly communicate with the receiver [5] , which would require a high transmission power. On the other hand, establishing a relative topology using localization techniques, e.g., the received-signal-strength (RSS), the time-of-arrival (TOA) or the angle-of-arrival (AOA), requires the consideration of measurements made by nodes in the vicinity, which would not be possible given the lack of communication links among neighbors. In addition, these measurements (especially TOA) can have errors due to the multipath signals arriving sooner than expected, and due to the attenuated line of sight signals which decreases the accuracy of the TOA estimation [8] .
To overcome the limitations of present systems, this paper proposes a surface-based reflection (SBR) scheme that uses the reflections from the water surface to establish communication links. The receiver only accepts signals that are reflected at the surface by checking the RSS and comparing it to the calculated reflection coefficients. This is done by applying a homomorphic deconvolution process to the received signal to obtain the impulse response (IR) of the acoustic channel containing the RSS information. Advantages of the SBR method include source signal tracking avoidance, node localization, and network link extensions. Simulation experiments are provided to validate the SBR approach. The paper is organized as follows. In section II, we discuss related work in the literature. Section III goes over the system model and section IV describes the proposed SBR method in detail. The approach is evaluated in section V. Section VI concludes the paper.
II. RELATED WORK

A. Underwater Channel Multipath Effects
In shallow water communications the effects of the multipath channel is often pronounced. Hence, the receiver typically applies matched filters to the estimated channel IR before recovering the transmitted signal in order to counter the effects of the multipath [5] [9] . This type of method is typically termed blind equalization, since the main goal is to extract the transmitted signal from the statistics of the received signal with the estimated channels IR. The channel IR is estimated by using the receiver-transmitter geometry and the physical properties of the water medium. However, this method is limited by the receiver's inability to determine the transmitter's location due to the multipath effect of the channel the receiver. This method also assumes a fixed receiver or transmitter which is not practical for communication between AUVs.
In [6] , underwater channel estimation has been studied for communication between AUVs, where the movement of both the transmitter and the receiver is factored in the acoustic channel model. The effects of movement are captured as time variations in the delays and amplitude of the channels IR. These variations are mitigated by increasing the directivity of the transmission which also decreases the number of propagation paths. However, increasing the transmission directivity requires a foreknowledge of the location of the receiver which is not always possible.
B. Water Surface Effects
The effect of the water surface was studied in [10] [11] , where the transmission line matrix (TLM) was used to model the shallow water acoustic channel in [10] . The water surface was used to determine the transmitters self-inducing echo in [11] . A self-inducing echo will cause the channel contender (in a channel access scheme) to hear its own transmission reflected from the water surface and interpret that as another node which causes the contender to back-off and never be able to transmit data. A self-reflection tone learning (SRTL) algorithm was implemented where the transmitter detects its self inducing echo caused by the water surface. This is different from the proposed SBR model since SRTL the algorithm works at the MAC layer and allows the reflections to be present in the physical layer. This approach is also limited by its dependency on the Bayesian conditional probability of the echo being induced by the transmitter.
C. Node localization
There has been significant research in indoor radio localization that estimates the channel's IR to determine the RSS. For example, Hashemi [12] used the measured IR to characterize the indoor radio propagation in two office buildings where signal reflections of the building where considered random and uncorrelated to the signal's attenuation. Hence the measurement of the RSS in [12] was mainly dependent on the recovery of the direct path signal, which may not arrive at a mobile receiver. Meanwhile, the focus of [2] was on the TOA measurements where matched filters were used to remove the unwanted noise in the underwater channel. This approach improves the estimation of the channel's IR to obtain both the RSS and the TOA. However, this approach is dependent on the direct path which is not practical for communication between AUVs. The proposed SBR model avoids such dependency by reflecting signals from the water surface, which allows for nodes to be mobile during localization.
III. SYSTEM MODEL
The communication model considered in this paper is summarized in Figure 2 . The transmitter block is described in the balance of this section. The receiver block is deduced in section IV. This paper acknowledges the need for a filter that removes the channel noise n(t) and assumes a filter design similar to [2] . It is assumed that the transmitter's position is encoded in the message e(t) before being sent to the receiver, this requires the transmitter to have an integrated inertial navigational system (INS) with an acoustical aid to determine its position as demonstrated in [13] , The position of the transmitting node is composed of the latitude, longitude and depth. The INS in the transmitter will be initialized before being deployed in the water; the initial position estimates will be geographically referenced. After deployment, the INS will track its position relative to the reference location by using triaxial accelerometers; this will drift over time and can be corrected by using the TOAs measurements between connected transmitter-receiver pairs. U.S. Government work not protected by U.S. copyright
A. Ray Propagation Model
The ray propagation model is a widely-accepted method for modeling signal propagation in shallow water [6] [14] [16] . According to Paul C. Etter [6] there are typically four basic types of eigenrays that are of interest as shown in Figure 3 , namely: refracted-surface-reflected (RSR), refracted-bottomreflected (RBR), refracted-surface-reflected-bottom-reflected (RSRBR), and the direct-path (DP).
Figure 3: Illustrating the four eigenray types
Florian Schulz [5] went on to describe the length of each eigenray which is reflected at the surface first before being reflected i times during the entire propagation as: (1) The geometrical descriptions of the transmitter and the receiver are illustrated in Figure 3 . The coefficients for and are given in (2), (3), and (4).
B. Estimating the channels impulse response
A multipath channel acts like a delay line where each path is delayed according to the path's eigenray length. The baseband IR of the channel can be modeled as follows:
The values of and correspond to the attenuation factor and the time delay respectively. The propagation delay is expressed in (6) is dependent on the eigenray length. The attenuation factor is assumed to be the product of the reflection coefficients corresponding to the bounces along the i th path with absorption loss coefficient along each path. The function ð is the Dirac delta function. The transmitted signal is convolved with the channel's IR which is assumed to be stable and produces the noise free signal . The noisy signal is assumed to be uncorrelated to the noise-free signal and could be model as a white noise. Finally, the received signal is simply expressed in (8) . ∑
IV. UNDERWATER SURFACE-BASED REFLECTION
A. Surface Reflection Model
Instead of relying on the direct path from the source to the receiver, we promote using the refracted-surface-reflected (RSR) eigenray as the communication link between the transmitter and the receiver. The laws of reflection tell us how to determine the reflected vector if we know the surface function. The sampled transmitted signal e(t) can be represented as a vector in R 3 as described in (9) . We note that the "*" operation represents the dot product operator and is the normal vector that is normal to the water surface.
This model requires that the receiver knows the surface function of the water surface which can vary with time as shown in Figure 4 . We should also point out that in a real underwater environment the water surface will not be stationary, however due to the ratio of the fastest ocean wave (150 m/s) speed to the speed of sound (1500 m/s) both the receiver and the transmitter will perceive the wave as stationary upon signal reception at the receiver. This is illustrated in [10] , where transmission line matrix (TLM) was used to show the effects of the water surface on the received signal. So for ease of analysis we can assume that the water surface in Figure 4 is stationary, note that the surface normal's are plotted along the surface function, since the surface normal's are changing we can expect the reflected vector to change, but we are only interested in the surface normal at the intersection point , , . The surface normal is the vector that is perpendicular to the tangent plane , that intersects the surface function at the point , , . We could solve for the normal vector by picking out any three points (P 1 , P 2 , P 3 ) that lie on the tangent plane , and compute the cross product of their differences as shown: P P P P If the water surface "S" has a surface equation in the form: , , Where , , is a point on S and has a continuous first partial derivative, the equation to the tangent plane can be expressed as: ,
If the partial derivatives and are not continuous but exist near the point , we can obtain an approximation to the partial derivatives and the tangent plane as:
, lim
U.S. Government work not protected by U.S. copyright From the tangent plane equation we can compute the normal vector which is used to determine the location of the transmitter as described in (11) . This model assumes that the combination of both the transmitted and the reflected lines is the RSR eigenray, which is only valid if other eigenrays are filtered out at the receiver. The next section goes over the receiver's filter design so that it only accepts the RSR eigenray.
B. Multipath deconvolution for the surface reflection model
To recover the RSR eigenray we can apply a homomorphic deconvolution to the noise free received signal by using the methods in the cepstrum analysis described by Oppenheim & Shafer [15] . A homomorphic system has the properties whereby the convoluted input signals can be transformed into the logarithm of their z-transforms. Hence, we can derive the complex cepstrum of the noise-free received signal from the sampled noise free received signal s[n] by recalling the convolution property defined in (7):
So we can define the z-transforms of the discrete signal as follows:
Hence we have: log log log H z ̂ ̂ h n (13) The expression (13) is termed the complex cepstrum of the discrete signal and requires both ̂ and h n to be stable, meaning that their region of convergence (ROC) must contain the unit circle.
If both ̂ and h n are in different quefrency ranges (measurement of time in samples), a linear filter can be applied to the complex cepstrum of the noise free received signal ̂ to recover both the channel's IR and the transmitted signal , the homomorphic deconvolution processes for and are shown in Figure 5 .
Figure 5:
The deconvolution process uses the noise-free received signal as input. The function block obtains the complex cepstrum of the signal as described in (13) .
The IR deconvolution process requires that the parameters N 1 and N 2 be defined, their expressions are given in (14) and (15), the filter is implemented using DFTs of length N = 4096. The sound speed in the water layer can be obtained from the sound speed profile in Figure 1 . The filter also requires that an optimal distance between the transmitter and the receiver to be defined as the maximum distance required for ensuring that the received signal is within the desired decibel range. The time response of the high pass system is shown in Figure 6 , a similar response can be obtained for the low pass system. All eigenrays except the RSR eigenray will be reflected in the water bottom floor (i.e. rocks, soil) or in the bottom of the surface layer as shown in Figure 1 with an attenuation factor of which will affect the magnitude of the IR.
V. APPROACH EVALUATION
The deconvolution process required to recover the RSR signal is validated through simulation. This section describes the experiments setup and analyzes the simulation results.
A. Experiments Setup
The channel's IR is simulated in MATLAB by using the parameters in Table 1 . Basically, we study the effect of the various parameters on the effectiveness of the proposed SBR approach. Every row in Table 1 lists the values used when varying the parameter in the shaded cell. Table 2 provides the values used when varying a certain parameter in the corresponding column. The transmitted signal is obtained from U.S. Government work not protected by U.S. copyright a 10 KHz sampled speech file from [17] . The transmitted signal can also be an encoded stream that contains the transmitter's location but the receiver might need to use an allpass filter to convert the unstable system into a stable one required for cepstral analysis. Table 1 : The simulation parameters for the channel's IR, the speed of sound in the water layer c w is assumed to be 1520 m/s for all runs, while 10 total eigenrays are simulated in all cases. The parameters in the shaded cells are varied according to the corresponding column in Table 2 . In the first two rows of Table 1 the depth of both the transmitter and the receiver decreases which simulates both the transmitter and the receiver moving closer to the water surface. We also modify the water depth which will affect the bottom layer sound speed and density. The cut-off values for the low/high pass filters (with 4096 and 10) can be calculated from equations (14) and (15) . The sampling period is taken to be 0.1ms. Hence, we have a total of 410 ms of received signal data with 4096 total samples.
B. Simulation Results
The simulated channel IR for the parameter values in the third row of Table 1 is the dark curve in Figure 7 , the impulses corresponds to the arrival times of the multipath signal. The first TOA corresponds to the RSR eigenray which is attenuated to about 0.28, all other impulses corresponds to eigenrays that are reflected by the water bottom and are attenuated even more as shown. The noise free transmitted signal is depicted in Figure 8 . Examining the plot indicates that from the 177 th sample (arrival of the RSR eigenray impulse) to about the 440 th sample the noise-free received signal is identical to the transmitted signal, after which we start to see the effect of the other arriving eigenrays on the received signal. The recovered channel IR and the RSR signal are shown in Figure 7 . From the plot we see that the recovered channel IR resembles the simulated channel IR for filter parameters of N 1 =66 and N 2 =2048. The amplitude fluctuations from the 128 th sample to about the 300 th sample are due to the parameters used in the filter design. It is important to note that this can be controlled by tuning the values of N 1 and N 2 . Figure 7confirms the effectiveness of the homomorphic deconvolution process used by the receiver to recover the RSR signal in an underwater multipath environment. The results in Figure 9 show that the transmitter-receiver depths greatly affect the RSR impulse delay. If we hold the other parameters constant and vary the transmitter depth , we notice that for a transmitter depth of 25m (run #1) the RSR impulse delay is about 24 ms, as the transmitter moves closer to the water surface the RSR eigenray length becomes shorter which reduces the RSR impulse delay. The same effect holds true for the receiver which whose delay matches as depicted in Figure 9 . On the other hand, varying the transmitter-receiver distance "d" has a minimal affect on the delay. Finally, the water depth "D w " does not affect the delay, which is expected since the RSR eigenray will not interact with the water bottom. Despite the delay variation the recovery of the RSR signal ( Figure 7) is not hindered by the mobility of the transmitter or receiver.
Analyzing the results in Figure 10 indicates that the speed of sound greatly affects the RSR amplitude if either the transmitter or the receiver is close to the water bottom. Hence the effect of the sound speed on the RSR amplitude will be mitigated when both the transmitter and receiver are closer to the water surface or by increasing the transmit energy. The water bottom density "p b ", the water depth "D w " and the transmitter-receiver distances "d" will have minimal effect on the RSR amplitude as shown. Varying both transmitterreceiver depths " " and " " will not affect the recovery of the RSR signal when is held constant at 0.25. Overall, the experiments demonstrate that for an accurate estimate of the bottom attenuation parameter we can recover the RSR signal which is used to determine the location of the transmitter as shown in (11) . The bottom attenuation parameter can be measured in a multilayer oceanic environment (Figure 1 ) or estimated from known seafloor materials, i.e., clay, sand, gravel, etc., in shallow water environments. The results confirm that the SBR approach performs as expected and suits underwater communications. Table 2 Figure 10: The effect on the RSR amplitude when varying the parameters in Table 2 VI. CONCLUSION In this paper we have presented a novel approach to underwater communications by using the water surface to establish communication links. The channel's IR is affected by the transmitter-receiver depths and the oceanic environment, and hence the ray propagation model is used to simulate the noise-free received signal. The receiver applies homomorphic deconvolution techniques to determine the channel's IR used to recover the RSR signal. The SBR model computes the tangent plane to the stationary water surface to determine the normal vector at the point that the RSR signal intersects the water surface function and determines the location of the transmitting node.
The simulation experiments confirm the effectiveness of the homomorphic deconvolution process used to recover the RSR signal. The results also show that the transmitter-receiver depths will affect the recovery of the RSR signal due to the variation in the RSR arrival times. The transmitter-receiver depths will also affect the RSR amplitude when one of the nodes is close to the water bottom layer due to the decrease in compressional-wave speed, and hence the SBR model is very effective when both the transmitter and receiver are closer to the water surface. The SBR method can be further extended to consider both RSR and RBR links by considering signals that are reflected from the water bottom.
